Climate change has the potential to impair livestock health, with consequences for animal welfare, productivity, greenhouse gas emissions, and human livelihoods and health.
INTRODUCTION
Livestock agriculture is facing the complex and multi-faceted challenge of delivering efficient and sustainable production under climate change, while meeting growing demand for livestock products (Tilman and Clark, 2014) . At the same time, the sector must reduce its estimated 14.5% contribution to global greenhouse gas (GHG) emissions (Gerber et al., 2013) and minimize other environmental impacts of production. Globally, it is estimated that livestock disease reduces productivity by 25% with the heaviest burden falling on the poor (Grace et al., 2015) . Evidence is growing about the impacts of impaired health on product yield and quality (Bareille et al., 2003; Williams et al., 2013) and on GHG emissions intensity (Gerber et al., 2011; Kenyon et al., 2013; Özkan et al., 2015a) , in addition to the costs in terms of livestock welfare and the risks to human health associated with zoonoses and emerging diseases (CDCP, 2015; Wilkinson et al., 2011) . Tackling impaired health in livestock may therefore increase productivity while at the same time reducing the intensity of GHG emissions (Stott et al., 2012; Stott et al., 2010) and improving animal welfare.
However, efforts to improve livestock health must take place in the context of interacting environmental and socio-economic changes, including climate change, ecological disruption, globalisation, and the intensification of livestock production (Perry et al 2011). These changes are expected to affect the emergence and spread of epidemic diseases (Perry et al., 2013) , and the prevalence and severity of some endemic diseases (Fox et al., 2011) .
Tackling animal health problems has been identified as a priority in recent research agendas (ATF, 2013; ATF, 2014; FACCE-JPI, 2012) . However, in the context of the global trends described, the complexity of pathogen ecology and transmission, the direct impacts of climate change on animal health, and interactions between all these factors form highly complex systems which are challenging to understand or positively affect. Models, which can reveal unseen interactions, and enable the evaluation of management and policy choices in a 'risk free' virtual environment, are vital tools for exploring complex systems (Van Paassen et al., 2007) . In order to contribute more effectively to efforts to tackle animal health problems in the context of climate change, modellers need to work across disciplines to build capacity and share best practice (Kipling et al., 2014) . Inter-disciplinary efforts should be designed to support and strengthen work within the diverse fields involved in health and pathogen modelling, recognising the costs as well as the benefits of working across different areas of expertise (Siedlok and Hibbert, 2014) .
A wide range of approaches are applied to modelling livestock health and pathogens under climate change (Fig. 1) . Within each of the modelling areas shown, approaches can be more empirical (based on statistical relationships between variables) or mechanistic/process-based (using mathematical equations to describe the mechanisms underlying statistical relationships) (Kipling et al., 2016a) . The former can be developed quickly but rely on the quality of data within which the statistical relationship was observed, while the latter can be used to explore future changes in systems, including changes in statistical relationships that might arise, e.g. in novel climatic conditions. The modelling depicted can also be undertaken at a range of scales; e.g. pathogen spread and disease risk might be modelled at farm scale, (usually more mechanistic approaches) or at regional scales (usually more empirical approaches). Finally, modelling can be used to predict future changes in both infectious and non-infectious diseases, or to model the progress of current outbreaks in support of practical responses. Although recent collaborative exercises and reviews have identified priorities for modelling in some key areas, such as the modelling of infectious livestock diseases (Brooks-Pollock et al., 2015) and disease distribution modelling (focused on the spatial spread of pathogens and vectors) (Purse and Golding, 2015) to the authors knowledge none have attempted to provide an overview of challenges and research priorities for livestock health and pathogen modelling across disciplines in the context of climate change. The aim of the current study is to present a framework of key challenges for modelling in this field, providing a clear focus and agenda for future research and funding, and acting to bring together modellers and experimental researchers in livestock health in Europe around a set of common objectives.
MATERIALS AND METHODS
The views of 34 modellers and experimental researchers from 21 institutes across 12 countries were garnered to gain an overview of the challenges facing the diverse research communities engaged in livestock health modelling. Experts were drawn from two major (Pretty et al., 2010) was applied in a three stage process; a mapping process, a workshop and questionnaire, and a final synthesis following the methods of Kipling et al. (2016b) (in which full details of the process are described).
A map of the impacts of climate change on livestock health, and the mediation of these effects by management was created to provide an overview of the research area, and to inform later discussions (Fig. 2) . The impacts of climate change on livestock health were defined as either direct or indirect. Direct impacts include behavioural and physiological effects that environmental change has on livestock (such as heat stress caused by increased temperature) while indirect impacts are those that alter other variables (such as pathogen spread) that in turn affect livestock. The map was used as a reference during workshop discussions, and accompanied the electronic questionnaire. 
Impacts of climate on health
Climate change is expected to increase the frequency and severity of extreme events, such as floods and heatwaves, as well as changing average conditions. In this context, a number of researchers have investigated the impacts of heat stress on dairy cow health (Collier and Gebremedhin, 2015; Vitali et al., 2015) and product quantity and quality (Bernabucci et al., 2014; Bertocchi et al., 2014; Hammami et al., 2013) . Temperature Humidity Index (THI) values (Lacetera et al., 2013) and the milk production responses of cows to high temperatures (Carabaño et al., 2016) have been found to vary across environments and systems. Although these investigations have yielded empirical functions characterising the impacts of heat stress, these functions do not take into account the way that livestock characteristics such as breed, milk yield, or level of acclimation affect the occurrence of heat stress and impacts on production. The FACCE ERA-NET project OptiBarn (http://www.optibarn.atbpotsdam.de/en/optibarn.html) aims to address this weakness by developing a new indicator for heat stress that will include climatic and individual animal parameters. However, the range of variables affecting heat stress, and the impacts of climate change adaptation and mitigation strategies, cannot be incorporated into the empirical models described, and more mechanistic approaches are required (Kipling et al., 2016a) . A dynamic mechanistic thermal balance model has been developed to estimate heat production and heat flows in cattle, using meteorological, dietary and physiological response data (Thompson et al., 2014) . However, few modelling investigations focus on other potential direct impacts of climate change on livestock health ( Fig. 1 ) and process-based modelling approaches have yet to be applied to include other aspects of the system (e.g. different levels of production intensity or coverage of different types of cattle production).
Climate driven changes in water availability are likely to affect options for adaptation to increased heat (McDowell et al., 1969) and pathogen related stresses (Silanikove, 2000) . By altering the temporal and spatial distribution of water, climate change will also indirectly affect health through changes in the ecology and spread of some pathogens and vectors (Bolin et al., 2004; Jamison et al., 2015; Semenza, 2015) . Many interactions between water and pathogens remain to be addressed in modelling, such as the effects of diminishing water availability on livestock-wildlife cross infection, the effects of summertime evapotranspiration on pathogen flow, and base flow contribution to pathogens in water sources (Dorner et al., 2006) . Models also need to incorporate changes in pathogen concentrations as water levels decrease and grazing becomes limited. Interactions between agricultural sectors will be important to consider, given that the adaptive responses of arable farmers to climate change (such as increasing irrigation) are expected to increase pressure on water resources, as shown in Europe (Leclère et al., 2013) . At present, few models characterise the potential effects of climate-related changes in grassland and crop management, or grazing behaviour, on livestock health and pathogens (Cornell, 2005; Fox et al., 2013) . Similarly, few grassland models incorporate health-related changes in grazing management or livestock grazing behaviour in their predictions of sward productivity and quality (Baumont et al., 2004) .
Priorities
To develop modelling capacity, an inventory of relationships between environmental conditions and livestock health issues is required, including information on how well each association is understood and on the seriousness of related health impacts. Data comparisons across regions and systems can generate greater understanding of climate change impacts on livestock health and pathogens (Challenge 15); setting up experimental systems in different regions as a basis for future modelling would therefore be an important step in developing knowledge. To understand how climate change may affect systems as a whole, grassland and livestock health modellers need to work together to review current modelling capacity and options for improvement in the characterisation of relationships between pathogen ecology and transmission, livestock health and grazing strategies. Livestock modellers also need to engage with crop and grassland modellers to develop a mutual understanding of the priorities for modelling grass and crop nutritional value (Soussana et al., 2013) and management in the context of climate change.
Nutrition and health
Vulnerability to pathogens and poor health can be affected by nutrition, while poor health can alter feeding behaviour, feed intake and nutrient utilisation (Vagenas et al., 2007) . This in turn is likely to influence livestock production efficiency, and GHG emissions intensity (Challenges 6 and 7). Some nutritional models include the interaction between feeding and pathogens (Laurenson et al., 2011; Sandberg et al., 2006) , and interactions between parasite incorporate the relationships between feed nutritional value, digestion, health and productive functions, and resilience to pathogens (Doeschl- Wilson et al., 2008) .
Priorities
A review of current knowledge of the relationships between nutrition and health, and the options for incorporating this information into nutritional models is required. This should include an investigation of the potential to translate pathogen variables into general concepts currently used in such models. The review should include previous work on the aspects of feed nutritional value and animal metabolism associated with disease prevention and improved resilience, in order to understand which types of data are most important to collect from experimental researchers and from crop and grassland models.
Genetics and health
Breeding for increased livestock resilience to climate related changes in environment and disease is an important component of adaptation and may also reduce GHG emissions (Wall et al., 2010) . However, there are often trade-offs to overcome, exemplified by the inverse relationship between livestock resilience to high temperatures and productivity (Collier and Gebremedhin, 2015) . For dairy cattle, random regression models have been used to investigate resilience in productivity and health under high THI levels (Carabaño et al., 2014; Hammami et al., 2014) e.g. linking genetic variation to traits such as somatic cell scores (as a proxy for udder health), milk fatty acids (Hammami et al., 2015) and conception rate and semen characteristics (Al-Kanaan et al., 2015; Brügemann et al., 2013) . Similarly, a number of studies have investigated the effects of breeding programmes on resistance or resilience to pathogens (Doeschl- Wilson et al., 2008; Mavrot et al., 2015) . Anacleto et al. (2015) used a combination of quantitative genetic modelling and Bayesian techniques to estimate the genetics of both resilience and infectivity of hosts, offering a new direction in identifying animals with high genetic risk in relation to disease. Despite these advances, the development of statistical approaches for relating genetic variation to phenotypic traits and to disease resilience and infectivity is still considered a challenge (Brooks-Pollock et al., 2015) . In the context of predicting future disease spread based on data on pathogen-host interactions in current ranges, it is also important that models account for the genetic resilience of current host populations, which may not be shared by livestock in areas of potential invasion under climate change (Lloyd-Smith et al., 2015) .
Priorities
Modelling advances in this area depend on identifying and filling gaps in experimental data relating to phenotypes and heritability in different livestock species and on links between genotype, performance and environmental conditions across different regions. Modelling priorities thus include (i) developing more mechanistic models able to characterise the production effects of livestock adaptation to climate change, including morphological adaptations and physiological and metabolic responses (Collier and Gebremedhin, 2015) and (ii) developing models that can reveal trade-offs and synergies between breeding for reduced infectivity and resilience (to climate extremes and disease), and breeding for current or future expected economic value.
Modelling pathogens and vectors

Pathogen, vector and wildlife host ecology
For existing pathogens in a given region, climate-related changes in prevalence and intensity are key to understanding future impact (Fox et al., 2015b) . Recent reviews have highlighted the lack of ecological knowledge about pathogens, vectors and wildlife hosts, and issues of bias in available data, e.g. as a result of better recording of pathogen presence in more populated areas, or in places where expert collectors are based (Purse and Golding, 2015) (Challenge 11). Buhnerkempe et al. (2015) provide a comprehensive overview of the challenges to modelling disease ecology in multi-species systems. Here, elements most related to the impacts of climate change on ecology are considered. Assumptions about pathogen, vector and wildlife host ecology must take into account the adaptive responses of these species to environmental change and control measures, especially where climate change brings different pairings of pathogens (or potential vectors) and wildlife hosts into contact (Purse and Golding, 2015) . The nature of (and changes in) transmission between wildlife hosts and livestock can be hard to unpick due to a lack of data on host infections, historic dogma (Brooks-Pollock et al., 2015) and complexities such as potential feedbacks between control measures, their ecological effects and transmission risks (Godfray et al., 2013) . In a recent review of distribution models, Purse and Golding (2015) considered approaches for http://creativecommons.org/licenses/by-nc-nd/4.0/ incorporating ecological information into such models based on comparisons of species distribution data to identify relationships, which require careful statistical evaluation to avoid errors in interpreting correlations. Flexible Bayesian approaches can be used to elaborate relationships better between large numbers of environmental and climatic variables (Wilson et al., 2013) and such approaches can be valuable tools for modellers as computing power increases (Ward and Lewis, 2013) . For locations and species where data are available, the use of mechanistic models, including detailed representations of pathogen life-cycles, has revealed the potential importance of extreme weather events (Rose et al., 2015) and climatic thresholds (Fox et al., 2015b) for outbreaks, suggesting that observed relationships between pathogens, vectors and the environment may alter under climate change conditions.
Priorities
To improve the characterisation of pathogen, vector and wildlife host ecology under climate change, there is a need for more process-based modelling of pathogens and their vectors, grounded on improved ecological understanding. A first step to advance modelling in this field would be to collate an inventory of livestock pathogens, their known and potential hosts/vectors and current understanding of the ecology of each, including their likely sensitivity to climate change. The inventory could be compared with characterisations of these species in models, in order to highlight the most important gaps in current modelling.
Pathogen and vector spread
Models of pathogen and vector spread can be used to predict the likely progress of outbreaks and can be either developed during the early stages of such outbreaks or prepared in advance (Purse and Golding, 2015) . Modelling is also used to predict pathogen and vector spread under future environmental conditions, e.g. through mechanistic modelling of parasite infection (Caminade et al., 2015; Fox et al., 2015a; Rose et al., 2015) . Many distribution models used for predicting the progress of current outbreaks are empirical because such models can be developed fast and are easy to apply (Purse and Golding, 2015) . However, even for longer term predictions, there are often not sufficient data to run more detailed mechanistic models (Cornell, 2005) (Challenge 11) . Nevertheless, such models have provided important insights into the spread of vectors of human diseases (e.g. malaria) under climate change (Parham et al., 2015) indicating the value of these approaches where data are available. http://creativecommons.org/licenses/by-nc-nd/4.0/ Through changes in pathogen and vector distribution, climate change brings the risk of outbreaks of novel pathogens, for which data and ecological information might be limited. In some cases, their spread can be modelled using data from similar, better understood, species (Gubbins et al., 2014b) . However, given the complexity related to predicting species invasiveness in new environments (Moravcová et al., 2015) , information about the target species itself is important in reducing uncertainty surrounding predictions. Lloyd-Smith et al.
(2015) considered priorities for modelling the emergence of novel human pathogens; these are also relevant for the emergence of novel livestock pathogens and include better modelling of cross-species transmission force and accounting for host immunity in predictions of future spread (see also challenge 16).
Another major issue is in the interpretation of data on the ranges of current pathogen and vector species. Even accurate data may reflect non-climatic constraints on spread (e.g. topographical barriers or limits to host distribution) rather than climatic limitations, and might therefore be unsuitable for predicting the potential for future spread (Purse and Golding, 2015) .
Priorities
General priorities recently identified for distributional models would also support more effective modelling of pathogen and vector spread under climate change. These include the need for improved modelling of transmission patterns and stochasticity (Roberts et al., 2015) , and the incorporation of non-linear processes (Fox et al., 2015b) , such as the importance of 'super spreaders' in disease outbreaks (Roberts et al., 2015) and changes in the rate of infection as outbreaks scale up (Brooks-Pollock et al., 2015) . Although modelling by Ducheyne et al. (2011) incorporated information relating vector movement to environmental conditions, many pathogen/climate interactions are not yet modelled. As described in Challenges 4-5, Bayesian approaches represent a potentially important tool for investigating these complex interactions.
Progress in this field will be dependent to a large extent on new research and data collection (Baylis, 2013) (Challenge 9). The creation of an inventory of pathogen and vector ecology and of the models developed for each species (Challenge 4) is also important in relation to this challenge. The resource could be used to highlight known and potential relationships between species and climatic conditions, and to identify cases where models for one species might be adapted to characterise the spread of others. Finally, predicting the likely responses of species to changed conditions has long been considered by ecologists in the context of species invasions (Moravcová et al., 2015) , demonstrating the potential for inter-disciplinary cooperation in this area.
Modelling impacts of poor health 6. Economic impacts of health on production Better understanding the costs of health conditions is important in assessing the impacts of climate related changes in health. Farm scale costs can arise directly from poor health, or from health-related changes in reproductive efficiency and subsequent impacts on replacement rates (Dijkhuizen et al., 1995) . A number of studies have modelled the farmscale costs of specific health problems in cattle, such as for bovine viral diarrhea (Smith et al., 2014) , Johne's disease (Bennett et al., 2012; Garcia and Shalloo, 2015) , subclinical ketosis (Raboisson et al., 2015) , lameness (Huxley, 2013) and 34 endemic livestock diseases in the UK (Bennett and Ijpelaar, 2005) . SimHerd (http://www.simherd.com/index.php/langen/home) models the production effects of a range of health conditions in dairy cattle, and can be used to quantify the impacts of management change, while economic modellers have calculated marginal abatement cost curves (MACC) to assess intervention costs relating to ten endemic health conditions affecting cattle in the UK (Elliott et al., 2014) . However, most studies of ruminant systems focus on cattle and cover only part of the chain of causality from the impact of environmental conditions on livestock health to the consequences for final systemic outputs.
An inventory of pathways via which climate change could affect livestock productivity and product quality would provide a useful framework within which to review systematically the capacity of models to characterise the biophysical processes underlying health impacts on production. Although an initial overview of climate change impacts has been presented ( bringing together stakeholders, policy-makers and the public to find a universally agreed measure of costs, taking into account economic impacts at farm, local and national levels.
Incorporating externalities (social and environmental costs) is also important to ensure optimal decision-making (Meier et al., 2015) . Outputs from recent networking activities such as the NEAT project (Networking to enhance the use of economics in animal health education, research and policy-making in Europe and beyond) (http://www.neatnetwork.eu/project/overview) provide a basis for developing a better understanding of the economics of animal health.
Impacts of health on GHG emissions
Given the adverse effects of ill-health on productivity (Kyriazakis, 2014 ) (see Challenge 6) it can be expected that disease will increase GHG emission intensity. However, although there is much research and modelling of GHG emissions from livestock systems, only a few studies (Özkan et al., 2015a; Skuce et al., 2016; MacLeod et al., Unpublished results) have quantified the impacts of livestock ill-health on these emissions. Garnsworthy (2004) modelled the impacts of fertility and herd replacements on GHG emissions, but this model did not consider the impacts of poor health on fertility. More recently, Williams et al. (2013) used a systems-based Life Cycle Assessment (LCA) approach to quantify the impacts of different diseases on GHG emissions from cattle, highlighting the potential of this method not only to quantify disease impacts, but also to consider interactions between different health conditions and interventions (see also Challenge 9).There is also a lack of knowledge about the impacts of different health treatments on GHG emissions (Williams et al., 2013) , although recent experimental work (Kenyon et al., 2013) has begun to address this issue.
Priorities
Several simulation models predict the effects of ill-health on livestock performance (see Challenges 2 and 6), providing a starting point from which to improve the characterisation of health impacts on GHG emissions. A review of current data is required, with an initial focus on the different effects of specific health conditions on GHG emissions intensity, in order to identify those which have the greatest impact. This review would lay the foundation for investigation and modelling of the consequences of disease control measures on emissions.
Modelling interactions and management http://creativecommons.org/licenses/by-nc-nd/4.0/
Land use change (LUC) and health
The future distribution of livestock populations, the nature of production systems, and the evolution of trade flows will have a great influence on how climate change and pathogen spread and intensity affect livestock (Ghahramani and Moore, 2013; Lara and Rostagno, 2013; Nardone et al., 2010) . As a result, linking LUC modelling to pathogen modelling is important in enabling disease risk and hazard to be brought together in predictions of disease impacts (Muthukrishnan et al., 2015) . While economic models focus on how climate and socio-economic change may alter future land use based on the profits accruing to different management options (Audsley et al., 2014) , distribution modelling focuses on relationships between pathogens, vectors, their environment and climatic conditions. Advances in geospatial technologies (such as geographic information systems and remote sensing) allow the collection of high resolution land cover data. These can be used in models to create disease risk maps, by linking knowledge of pathogen and vector ecology to indices of vegetation cover, estimates of environmental moisture and climate change predictions (Jamison et al., 2015) . One element of complexity is that associations between pathogens, vectors and habitat may cause high variation in abundance across landscapes (Kluiters et al., 2013) ; local scale investigations of such variation can be used to infer generalised habitat associations and allow predictions of abundance at larger scales based on geospatial land cover data.
Modelling of the spatio-temporal distribution of biting midges suggests that adding distance variables can improve predictive value in comparison to the use of environmental variables only, reflecting seasonality in the role of habitat in species spread (Peters et al., 2014) .
Priorities
Inter-disciplinary approaches are required to explore the potential effects of interactions between the ecological responses of pathogens and vectors to climate change, and LUC driven by climatic and socio-economic change. These approaches could highlight disease hot spots in areas of expected future livestock production. Understanding disease risk under these conditions will also need to take into account ecological interactions which are not currently modelled (Jamison et al., 2015) . Developing models combining predictions of heat stress risks under climate change with economic LUC modelling, might represent a methodological stepping stone towards modelling similar interactions for pathogenic disease, where pathogen and vector ecology add another level of complexity. A first step for such interdisciplinary approaches would be to compare current LUC model predictions with maps of disease and heat stress risk under climate change.
Interactions between health conditions, pathogens and interventions
While most current models focus on a single health issues, health conditions may interact with each other, affecting treatment efficacy and disease outcomes (Ezenwa and Jolles, 2015) . There are also interactions between health conditions, pathogens and interventions for prevention or treatment, e.g. the potential confounding effects of liver fluke infection on tuberculosis testing (Claridge et al., 2012; Flynn et al., 2007) . Such interactions are important to understand in order to better predict the effects of changing climate and related mitigation and adaptation measures.
Priorities
There is a need to review research into these complex interactions, including the development of a typology of interactions between different health conditions and pathogens, and a review of interventions, their efficacy and interactions between them. In collating this information, the knowledge of veterinarians, farmers, farm advisors, economists and other stakeholders needs to utilised, in order to ensure that modelling priorities align with societal needs. The aim is to understand the most important interactions between these variables in terms of animal health and to identify gaps in knowledge, to support and focus modelling advances.
Adaptation and mitigation strategies
As the descriptions of other challenges show, modelling livestock systems are complex, and incorporating adaptation and mitigation scenarios adds a further level of complexity.
Although existing empirical models can be used to predict some changes in livestock health associated with environmental variation (Skuce et al., 2013) , such approaches cannot directly capture the effects of farm-and policy level strategies and their implementation over time.
For economic modelling of the impacts of adaptation and mitigation strategies, it is essential to understand both the costs of health problems (e.g. welfare, productive, environmental and economic), and the cost, efficacy and sustainability of the interventions used to control or prevent them (see also Challenge 7). As the likely effects (and extent) of climate change vary across different socio-economic and emissions pathways, models of cost and benefit need to provide a coherent spread of predictions (Shrestha et al., 2013; Stainforth et al., 2005) in order to assess the robustness of different strategies across a range of plausible scenarios (Leclère et al., 2014) . Models also need to characterise the uncertainties associated with the uptake of adaptation strategies (Challenge 18). If these factors can be addressed, information about the expected average costs and benefits of different strategies can be incorporated into economic modelling of farms, assuming the impacts of each strategy will be as previously observed.
Estimates of the costs and benefits of climate-driven adaptation (Moran et al., 2013; Oliveira Silva et al., 2016; Shrestha et al., 2014; Wreford et al., 2015) and (using MACCs) mitigation (Elliott et al., 2014; Moran et al., 2011) have been presented for the livestock industry, but these approaches are heavily reliant on assumptions due to lack of data at appropriate scales.
Beyond the economics of adaptation and mitigation, mechanistic modelling of the underlying biophysical processes by which mitigation and adaptation measures affect systems is essential to making farm-centric predictions for decision support, and for evaluating the likely accuracy of economic models under climate change conditions at different scales. At the regional and global level some recent modelling studies have incorporated the impact of climate change on livestock. However, such studies only considered climate change effects on livestock systems arising through changes in input (e.g. feed) productivity and prices and how these may drive systems transitions (Havlík et al., 2015; Özkan et al., 2015b; Weindl et al., 2015) and do not incorporate direct impacts of climate on livestock health. Regional scale studies incorporating the effects of environment on livestock production are only available for a few regions (Gauly et al., 2013) and those considering the effects of adaptation of such systems are very scarce.
Priorities
Better regional scale economic modelling of the consequences of climate and socio-economic change on livestock health, including adaptive responses, will be important for providing policy level information. This must be underpinned by a better understanding of these processes at the farm scale, mechanistic modelling of the bio-physical processes underlying adaptation and mitigation impacts, and evaluation of empirical relationships and assumptions (Challenge 14).
health conditions, their efficacy and the capacity to model their implementation is a priority in this area. This should go alongside a review of the different aspects of cost and benefit related to health (Challenge 6). This information would provide a basis from which to develop models better able to predict outcomes, trade-offs and synergies between different strategies (Eory et al., 2014) . Links with other disciplines to understand potential interactions between measures relating to health and pathogens, and those focused on other aspects of production, will also be important.
Data and evaluation
Data quality
Data availability and quality vary across the range of focus species, systems and purposes covered by health and pathogen modelling and also between countries (Challenge 15).
Models requiring different amounts of data can be developed and applied to answer any given question (Gubbins et al., 2014a) . The type of model used is therefore determined by the purpose of the modelling, how quickly outputs are required (Purse and Golding, 2015) , and by the availability of data. For poorly resourced areas and less researched diseases, lack of data and ecological understanding are likely to be the limiting factors (Brooks-Pollock et al., 2015) while for developed countries and well researched species, limiting factors may be more often related to the purpose and urgency of the application. In general, information relating the spread, ecology and behaviour of pathogens and vectors to environmental factors may be derived from combined data from different species, be based only on laboratory experiments (Parham et al., 2015) or suffer problems of bias relating to survey effort and method (Purse and Golding, 2015) . The availability of large amounts of detailed data can present different challenges. For example, the daily records of livestock movement, birth and death in some European countries present issues relating to data synthesis, differences in scale between different data types, and usage in tractable models (Brooks-Pollock et al., 2015) . Recent advances include the development and use of big data models to identify control strategies for infectious diseases (Dawson et al., 2015) . For different areas of modelling, data requirements include (i) new field studies, (ii) betterco-ordinated surveillance and (iii) the collection and collation of data from different regions to inform predictions about local climate change impacts where environmental conditions go beyond previously known ranges.). In this context, better communication about data between modellers, experimental researchers and stakeholders was considered vital to improve data standards and provision, including the development of stronger links to groups such as veterinarians who collect (or are in a position to collect) required data. To facilitate improved communication, modellers need to describe and prioritise the types of data required (Kragt et al., 2013) , including which diseases, variables and scales they are needed for. The creation of a model typology (Challenge 13) would allow the mapping of data requirements onto model types. Data gaps could then be identified across models, farming systems, species and nations. Such a resource could also facilitate the development of guidelines for data providers, including collection protocols and benchmarks. To facilitate the collection of high quality data and to reduce sampling bias, new and improving survey techniques, such as geospatial approaches (Jamison et al., 2015) and vehicle-based arthropod sampling (Sanders et al., 2012) should be tested and applied. Advances in remote sensing technology and Wi-Fi remote control for farm-level data collection are foreseen to be important in this respect, and further development of cost-effective, easy-to-use recording systems for management and treatment data are also required.
In fields such as crop modelling, agreed minimum data standards for model use have been developed, with ranking systems to indicate data quality (Kersebaum et al., 2015) ; similar systems could be developed for the livestock health modelling community. Finally, for different model types, the sensitivity of model outcomes to the use of data at different scales needs to be tested to assess which gaps in data are most important to fill, and the extent to which scaling and gap-filling software can compensate for missing data. Data uncertainty can also be modelled when there is a lack of representative data, or where data may contain inaccuracies (Huijbregts et al., 2001) .
Data accessibility
As the climate changes, efficient sharing of data about the impacts of novel conditions, and the responses of pathogens and vectors becomes ever more important. The data required for modelling livestock health and pathogens are held by a range of organisations, such as http://creativecommons.org/licenses/by-nc-nd/4.0/ slaughterhouses and agricultural levy boards. As a result, they can be difficult to locate, and once found may not be freely available. Data owners may charge for their use, or be restricted from sharing information by data protection regulations (e.g. when data include information that would identify specific farms). Even when data are gathered and held by research institutes, there may be no, or limited contact between these institutes and modellers working in other organisations, while data held in different countries can be hard to locate.
Priorities
An initial priority in this area would be to review existing data-gathering and sharing initiatives, such as the epidemiological and vector records reviewed by Purse and Golding (2015) and wider resources such as the Open Data Journal for Agricultural Research (ODjAR) (www.ODjAR.org), GenBank (Bilofsky and Christian, 1988) and the Global Biodiversity Information Facility (www.gbif.org) (Wieczorek et al., 2012) in order to share information about these initiatives within the modelling community, and to engage with them to ensure that the requirements of modellers are considered. The Data Driven Dairy Decisions for Farmers (4D4F) project is developing a network of dairy farmers, sensor technology suppliers, data companies, agricultural advisors and researchers to use sensor data to support farm level decision making. Lessons may also be learned from other disciplines trying to improve data sharing (Hampton et al., 2013) . The ultimate aim is to ensure that modellers have full information about available data, with meta-data and data freely accessible and easily searchable. An inventory of the rules and regulations controlling the use of data relevant to modelling livestock health in different countries would help to identify potential improvements to regulatory frameworks, and options for harmonising such frameworks across countries. Political support will be required to ensure better data availability for researchers in areas where there are currently legal or practical limitations.
Terminology and measurements
Differences between countries and research groups in measurement methods and terminology hinder the comparison and use of data and modelling outcomes. Examples include national differences in the definition and calculation of thermal indices and feed nutritional value (Bohmanova et al., 2007; Hahn et al., 2009; Hammami et al., 2013) and unique national keys for specific livestock health problems (Christen et al., 2015) . A consistent framework for phenotypic trait description is also required to enable newly discovered traits and subclinical 
Priorities
To begin to standardise measurements and terminology, an initial step would be to collate a list of the measurements, calculations and terms commonly used to describe variables in health and pathogen modelling. Existing resources, such as the International Committee for
Animal
Recording (ICAR) Recording Guidelines (www.icar.org/pages/recording_guidelines.htm) (Stock et al., 2013) could then form the basis for discussions to develop common measurements for use in modelling. In relation to livestock responses to high temperatures, agreed definitions of stress, stress responses and environmental conditions will be important (see Challenge 1). There is also a need to develop a typology of the range of models relating to livestock health, in order to facilitate better communication between modellers, experimental researchers and the wider scientific community.
Validation of empirical relationships
Rather than modelling every mechanistic process in a system, many models represent some processes with empirical relationships. To ensure reliability and utility, these empirical relationships must be based on a proper understanding of the mechanisms represented (Rose et al., 2015) . This is particularly important in the context of climate change, which may alter some of these empirical relationships.
Most models simulating the effects of livestock health on production have used treatment data or well established indicators, like somatic cell count in milk, as proxies for health status (Fourichon et al., 1999; Østergaard et al., 2005) . The efficacy of such proxies in representing underlying health problems needs to be tested and improved. Hence, the identification of emissions of cattle directly from analysis of milk mid-infrared spectra, using the relationship between such spectra and THI impacts on milk quality.
Priorities
To improve the empirical characterisation of relationships in models, a review is needed to assess the extent to which current representations are based on an understanding of underlying mechanisms. This should include all modelling related to animal health under climate change, from farm to regional scales, and would serve to reveal knowledge gaps, identify cases where mechanisms are known but not utilised, and to assess options for improvement.
Model scope and relevance
Variation in capacity between farming systems and nations
Even within Europe, data and modelling capacity vary, and extensive and economically marginal systems are often under-researched. Parameterising different systems for modelling requires quantification of farm characteristics, necessitating a common understanding of those characteristics in order to identify relevant data. Although standardized data for climatic variables are currently accessible for most regions of the world (Hijmans et al., 2005) , data on crop and livestock productivity from different countries may not be easily comparable. Issues include variation in data quality and lack of information about the management regimes from which data arose. Data resources are often focussed on notifiable diseases with the greatest impacts on trade (Purse and Golding, 2015) . Grace et al. (2015) highlight the lack of information on animal diseases in developing countries, where populations are most vulnerable to the impacts of pathogen outbreaks. In some of these countries, basic information on agricultural systems may not be collected, and modelling may not be used for predicting disease risks or directing policy (Brooks-Pollock et al., 2015) . In the short term, modelling approaches which can cope with sparse datasets (Gubbins et al., 2014a) can provide predictions about health and pathogens in these countries, while advances in geospatial surveying techniques enable increasingly fine-scale observations of environmental variables and land use (Jamison et al., 2015) providing more, and higher quality data to work from. Longer term, use of such approaches can direct field work and http://creativecommons.org/licenses/by-nc-nd/4.0/ monitoring to most efficiently use scarce resources to gather information (Lloyd-Smith et al., 2015) .
Priorities
Developing a typology of farming systems for use across the modelling community would represent a big step forward, and could build on existing typologies that characterise European systems (European Commission, 2008; Herrero et al., 2013; Seré et al., 1995) .
Such a classification would complement and support the development of 'fit-for-purpose' models (Challenge 17) and facilitate easier comparisons of models used in different systems, with a view to developing flexible models able to work across systems and regions. Work has also been undertaken to develop procedures for updating values in existing models in a consistent way across countries (Gerber et al., 2013; Havlik et al., 2015; Jayet et al., 2015; Louhichi et al., 2015) , representing significant progress in this area. Crop and grassland modelling communities have developed model inter-comparison protocols to allow model capacity to be evaluated and improved, including in their application to systems and regions beyond that for which they were developed (Kollas et al., 2015; Sándor et al., 2016; von Lampe et al., 2014) . By following a similar pathway, health and pathogen models can build the capacity to compare (and learn from) models used across the world in order to develop global capacity in livestock health and pathogen modelling.
16. Spatial and temporal scales Buhnerkempe et al. (2015) and Brooks-Pollock et al. (2015) identified the need to improve how small-scale processes (at animal or herd level) are incorporated into modelling at larger scales, given that patterns and variation in such processes can have an important impact on large scale predictions. For example, local environmental variables can affect predictions of pathogen and vector transmission and spread (Challenge 5), and non-linearity in transmission can produce misleading estimates of control strategy efficacy if not taken into account (Matthews et al., 2013) . Micro-simulation approaches applied at large scales (Ferguson et al., 2006) and scaling frameworks (Szmaragd et al., 2009 ) have been developed for some pathogens, and these could potentially be applied to other species. However, their application requires substantial data, and simpler approaches may be more cost effective, depending on the purpose of the modelling (Gubbins et al., 2014a) . More simply, empirical models can be validated through understanding of mechanistic processes (Challenge 14), and can in turn http://creativecommons.org/licenses/by-nc-nd/4.0/ reveal novel relationships for further investigation of mechanistic drivers (Kipling et al., 2016a ).
An alternative to incorporating small scale processes into large scale models is the linkage of models or their outputs. However, across different scales, models are likely to characterise processes at different levels of temporal resolution, making even 'soft' linkage of outputs/inputs difficult. Even within a single scale of modelling, it can be challenging to capture both acute and chronic impacts of a pathogen or environmental variable and their interactions. Heat stress, for example, has impacts in the short term (e.g. within hours) and over longer time periods through acclimation and increased resilience (between generations), as well as having varying impacts according to the life-stage of affected animals (Renaudeau et al., 2012; Silanikove, 2000) . For pathogen infections, changes in host immunity over time are considered in relatively few models (Fox et al., 2013) although they can affect disease spread and lead to changes in the level of economic impact over the years following an initial outbreak. Processes such as superinfection (where recovering animals are infected by a new strain of a pathogen) are often ignored (Roberts et al., 2015) . The evolution of pathogens and their vectors, and their adaptive responses to climate change are also important to understand (Challenges 4 and 5). Finally, temporal factors need to be considered when incorporating management and policy responses to climate change into modelling. Although some temporal aspects are captured in models in which livestock move between age groups based on specified parameters (Robins et al., 2015) or through the integration of dynamic bio-physical models with economic modelling of daily changes in production level (Eory et al., 2014) the time required for decisions to be enacted is often overlooked in current modelling (Morgan, 2013) .
To build capacity to incorporate a range of spatial and temporal scales into models, recent reviews of the acute and chronic health impacts of pathogens (Palmer and O'Connell, 2015; Vanderhaeghen et al., 2014) and environmental conditions (Collier and Gebremedhin, 2015; Nardone et al., 2010) on livestock need to be collated, and the extent to which they are incorporated into current models ascertained. Opportunities for modelling based on data from new 'real time' sampling methods need to be systematically considered. In relation to spatial scaling, the livestock pathogen and health modelling community can benefit from advances http://creativecommons.org/licenses/by-nc-nd/4.0/ in crop modelling (Ewert et al., 2014) and other research fields, in order to develop and assess the merits of different options for progress.
Fit-for-purpose models
It is important that models dealing with livestock health and pathogens meet stakeholder requirements, providing outputs at relevant scales and levels of accuracy, and operating with an appropriate degree of detail. In some cases, e.g. in supporting animal health decision making, it has been shown that model outputs often differ from the initial demands of stakeholders (Singer et al., 2011) . This may stem from poor communication (see also
Challenge 18), a lack of underlying knowledge, or models that are not adaptable to the needs of specific applications. Reeves et al. (2011) reviewed approaches for epidemiological model evaluation, highlighting the importance of clearly stating model purpose, limits and assumptions, and involving stakeholders in validation processes to ensure evaluation is related to fitness for purpose.
Priorities
Given the diversity of modelling related to livestock health, the development of an inventory and typology of models (see also Challenge 13), synthesizing and building on current reviews, would be an important step towards clarifying model capabilities and limitations.
This resource should be available in an accessible format for stakeholders, to enable them to identify the most appropriate tools to deal with specific challenges (Voinov et al., 2016) . It should include information about the systems, scales, target species (pathogens and hosts) and output parameters for which each model has been validated. Gaps in the information available for different models would also be highlighted, allowing a focus on specific challenges to sharing and comparing current models. From the information so collated, options could be explored to make models more adaptable for different uses and for use together in order to provide a roadmap towards adaptable, integrated modular modelling RECORD (Bergez et al., 2013) . Investigating how integrated modelling approaches, e.g.
Integrated Environmental Modelling (Laniak et al., 2013) may be applied in modelling livestock health would also be beneficial. A supportive framework of resources and incentives is thus required to enable researchers to develop links between disciplines and nations (Kipling et al., 2016a) . The long-term development of networking initiatives such as MACSUR, GRA, and the Agricultural Model Improvement Programme (AgMIP) (http://www.agmip.org) provide arenas for the creation and use of these types of resource for livestock health and pathogen modelling.
Stakeholder involvement
Farm level, costs of disease mean that stakeholders are often easily motivated to engage with researchers (Wilson et al., 2013) . Modelling in this area can therefore be important in increasing understanding of climate change impacts among stakeholders, with the aim of improving the uptake of mitigation and adaptation strategies (Jonsson et al., 2015) . However, using modelling to direct control strategies during outbreaks can be subject to intense scrutiny, making trust building and collaborative development of models with stakeholders vital (Brooks-Pollock et al., 2015) . Further, local level engagement can provide important information about local patterns of disease occurrence and spread that can direct research and surveillance efforts to hot spots (Purse and Golding, 2015) . Such interactions may be particularly important in identifying changes in pathogen, vector, or host species ecology in the context of climate change. To ensure the relevance of models, stakeholders need to be engaged in the modelling process, either directly or through collaboration with social scientists to bridge inter-group gaps (Sterk et al., 2011) .
Socio-economic scenarios are being developed to enable regional scale economic modelling to better represent stakeholder decisions at the societal level (Antle et al., 2013; Toma et al., 2013) . However, at farm level many non-economic factors are known to affect decisions (e.g. farm location and type, farmers' skills, perceptions and availability to work) (Shrestha et al., 2015) . A range of socio-psychological methods have been utilized to investigate stakeholder behaviour relating to a wide range of pathogens (Milne and Paton, 2015; Velde et al., 2015; Wauters and Rojo-Gimeno, 2014) .
Priorities understanding could be enhanced by collating results from previous engagement exercises and associated literature (Fazey et al., 2014) and draw on experience from recent initiatives, such as the Epidemiology, Population health and Infectious Disease Control (EPIC) programme in Scotland. More accurate modelling of stakeholder decisions may also be aided by better monitoring of management choices, e.g. through the collection of data relating to these choices during current farm monitoring.
DISCUSSION
The range of challenges identified in this study reflects the diversity of health and pathogen modelling, with researchers differentiated by modelling approach and scale, by the systems and species they focus on, and by the specific applications of their modelling. The problem of climate change can be viewed as an arena (Clarke Adele, 1991) in which these different strands of modelling must interact in order to find solutions. By drawing out the aspects of current research most relevant to the climate change problem, the aim has been to reveal and explore the potential for inter-disciplinary progress, highlighting where approaches and interests in different scientific fields might be used in other contexts. Examples of these interconnections include the potential use of Bayesian approaches to explore complex interactions between multiple variables, the need to link up economic LUC and pathogen and vector distribution models to better predict future disease risk (Challenge 8), and the common interests of ecology and disease epidemiology in relation to invasive species/future pathogen spread (Challenges 4 and 5).
Underlying themes within many challenges included the need to create accessible, systematic inventories of modelling capacity and data,, and for the more effective spread of best practice and new techniques both within the livestock health and pathogen modelling community, and across related disciplines. The data related challenges indicate that a more cohesive research community should include experimental researchers and stakeholders as well as modellers, to ensure that the vital relationship between data gathering, analysis and modelling is enhanced.
Networking and inter-disciplinary work entail costs as well as rewards (Siedlok and Hibbert, 2014 ) and modellers need to be supported by sufficient resources and appropriate organisational frameworks in order to develop capacity in this field of research. The engagement of researchers in this horizon-scanning exercise indicated an appreciation of the benefits of developing a more cohesive community of livestock pathogen and health researchers. Networking initiatives such as MACSUR and GRA have the potential to drive such developments, but only if the research environment is shaped to provides the time, space and funding to support sustained and long-term growth in capacity.
Although the collaborative approach taken here was successful in highlighting some key challenges in this field, the value of such exercises can be reduced by participant bias. To avoid such issues, a large and diverse group of experts was consulted (Pretty et al., 2010) .
Literature based validation and exploration of the views communicated by participants were used to add weight to the findings, and to add richness and new perspectives to the initial content.
CONCLUSION
This paper attempts to define a coherent set of challenges and research priorities for the diverse and complex field of modelling livestock health and pathogens in the context of climate change. It is hoped that this effort contributes to realising a more cohesive and outward-looking European research community in this field, so stimulating the best use of the diverse modelling approaches available across scientific disciplines and nations. The findings presented highlight the importance of properly funded, long-term modelling and research networks as platforms for the mutual learning required for tackling the complex challenges faced by the livestock sector in a climate change world.
